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INTRODUCTION 


It was the aim of tha prasent invastigation to develop a realistic and 
workable computer ssmulation of the dynamic behavior ot the pin pallet 
runaway oscapemant which can be usad in the analysis and synthesis of 

vartous safing and arming devices. This goal has been achieved. 


This report describes and formulates the dynamics of the various 
regimes of motion which form the basis for the simulation. Tho computer 
program and its controls are presented in detail, The simulation is applied 
to the time delay mechanism of the M525 fuze and the influence of various 
paranieter changas is explored. Previous experimentation and practical 
experience with this machanism confirmad the results at the computations. 
Finally, recommendations for continued work are givan, The previous work 
done in this field is listed in referancas 1-15. 


SIMULATION OF PIN PALLET RUNAWAY ESCAPEMENT 


Tha present effort es the pin pallet ascapement rapresents an ax- i 
tension of the work of M. BE. Anderson and S. L. Redmond (ref. 7). New 
methods of contact aanaties for coupled motion, of contact sensing, and i 
of computational controls are developed. 


Pallat 


t 
4 
q 
Escape wheel | 
: 
' 


‘Dir ection 


of motion <K 


Figure 1. Coupled motion 
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The following outlines the overall assumptions and derivations for 
the various regimes of motion. A detailed description of the actual 
‘computer program and its controls is then given. i 


Coupled Motion 


Figure 1 shows the upper pallet pin’ being driven in coupled motion 
by tooth no. 1 of the escape wheel (.op contact). The ascape-wheel angle 
o is defined by the line from the escape-wheel pivot 0. to the tip (with- 


out radius) of the contacting tooth (or the one about to make contact) and 
the line connecting 0, to the pallet pivot O_. Similerly, the angle y, 


which is defined by the line from QO to the activa pallet pin center (top 


or bottom) and the center line, describes tre motion of the pallet. The 
escupe wheel is driven by the constant moment T in the positive direction 
of rotation. While it is assumed that friction acts on the pallet pin/escape 
wheel teoth interface, it is neglected at both pivots since investigation 
showed that its effects are negligible when the pivots are of the usual 
small diameter. 


Wt Re ee ace om we 


The quantity g, wnich represents the distance from the contact 
point to the tip of the escape~wheel tooth, is used to determine the end of 
coupled motion. Appendix A contains derivations for this expression, 
as well as all other kinematic quantities associated with coupled motion. 
Appendix 8, with the help of appendix C, gives the derivation of the dif- 
ferential equation of coupled motion in terms of the escape- wheel angle ~ 
(eq. B-10). 
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Free Motion 
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When coupled motion is finished (i.e..g = O) or when separation 
of contact occurs after impact, the escape wheel and pallet move indepen- ; 
dently of each other in free motion. Figure 2 shows this free motion for 
the bottom phase of the action, i.e. the bottom pallet pin is about to make , 
contact with tooth no. 2 of the escape-wheel. The constant torque T con- 
tinues to act on the escape-wheel, while the motion of the pallet depends 
only on its initial conditions. Again, any frictional retarding moments at 
the pivots are neglected. YFosition sensing during free motion is based on 
g', the distance of the pallet pin center from the tip of the escape-wheel 
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lower when referring to exit mation. 
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tooth (parallel to the face of the tooth) and f, the distance between the 
pailet pin and tooth surfaces normal to the tooth). Expressions for these 
quantities are derived in appendix D. The differential equations for the 
free motion of the paliet and the escape-wheel are derived in appendix E. 
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Figure 2. Free motion 


impact 


Impact foliows free motion whenever f equals zero, g' is smaller 
than zero, and the relative velocity between the contacting surfaces war- 
rants it. Such an impact usually reverses the motion of the pallet (fig. 3) 
and under certain circumstances also reverses the motion of the escape ~ 
wheel temporarily. While the impact equations, derived in appendix F, 
allow for both normal and tangential impulses to produce changes in the 
angular momenta of the pallet and escape-wheel, the computer program 
presented here neglects the tangential impulse for the sake of simplicity. 
The classical coefficient of restitution formulation is used to account for 
the energy loss during impact. 


Figure 4 shows free motion for the subsequent top phase of the 
motion, i.e. the top pallet pin is about to make contact with tooth no. 3 
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Figure 3. Impact 
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Figure 4. Impending top contact ; . 
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All kinematic and dynamic expressions are derived in such a manner 

that they are valid for top and bottom action. The simulation recognizes 

only contact on the front faces of the escape-wheel teeth. Pathological 

conditions, such as impact on tho tips or the back faces of the escape- 

wheel teeth are not considered. (The control quantities g and g' make 

it clear that when such a condition exists the computation can be discon- 


tinued.) 
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Escapement Nomenclature 
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Figure 5 shows a schematic representation of the pin pallet escape- 
ment and indicates its basic geometric nomenclature. ve 
t: 
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Excapoment nomenclature 


, 2 Distance betwoon pivot points 95 and O 


Bscapo wheel radius 


e Pallat radius (equal on top and on: bottam for simplicity) 
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r = Pallot-pin radius (equal for top and bottom) 
« = Escape-wheel tooth half angle 
3 = Angle between escape-wheel teeth 


Anguiar position of escape-wheel 


= <2 
i iL 


Angular position of pallet 
DESCRIPTION OF COMPUTER PROGRAM 


The following gives the essential steps of the computer program as 
listed in appendix G*?. ‘The flow chart of the program is shown in figure 6, 
The choice of variable designations was made in such a way that they differ 
as little as possible from the nomenclature used in-the various derivations 
in appendixes A to F and H. 


The main program starts the simulation with top contact coupled 
motion at a starting angle @ = 135° (called PHID in: the computer program) 
and a cumulative-escape-wheel angle PHITOT of 0°. The choice of this 
starting angle is-connected with the gvometry of the example mechanism 
used (Mr = 182-4879 for the example mechanism) . 


Coupled Motion (location 100) 


To solve the differential equation of coupled motion (see equation 
(8-10) of appendix B) the main program calls on-an available fourth-order 
Runge-Kutta routine.’ The subroutine FCT computes-all needed values 
and presents the-second-order differential equation. in terms of two first- 
order ones to RKGS, PHI (1) and PHI (2) represent the angle @ and the 
angular velocity-@, respectively. The associated subroutine OUTP is 
responsible for printing out the results of the integration togather with 
the current values.of time, g, g, ¥, W, and PRITOT, In addition, it has 
the task of deciding whether coupled motion is to-be continued. Coupled 
motion is continued 


a. aslongasg <0. (See equation (A.12) and note, that 
beacause of the nature of the coordinate system, g is always nagative while 
the pallet pin makes. contact with the escape-wheel: tooth.) And, 


LA hl . 
The program shown is written in FORTRAN for the GDC System at ARRADGOM, 
Dover, NJ. It is also available in a slightly modified form for the IBM 
Systom/60 at the City College of New York. 


*RKGS Routine, 18M System/360 Sciontific Subroutine Packuga, 
(360A-CM-OX3) Version HI, 
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b. for a positive (counterclockwise) rotation of the escape- 
whoal, if the succeeding absolute value of ¥ (DPSI) is larger than the one 
obtainad from the preceding computation (called DPSIP). These values of 
v) are computed with the holp of equation (A.18), which ASSUMES closure. 

This condition is necessary, since in coupled motion when @ is positive 

the escape-wheel can only drive the pallet, not slow it down, If sucha 
slowdown {s indicated, it means that pallet and escapa-wheel have separated 
and frea motion will take place. Or, 


a, for a negative rotation of the ascape-wheel (which may 
occur after Impact), a succeeding absolute value of Y must ba smaller than 
the preceding one. If for some reason the escape-wheel should speed up 
and cause the computation to show a larger succeeding value of We 4¢ would 


also serve as an indication that closure has terminated and free motion 7 


has started. 


To make this process less sensitive, the last two conditions will only be 
violatad when the absolute magnitude | be | 21 rad/sec. 


Thus, when.control is raturned-to:the main program, it is olther 
because the pallet pin-has left the ond of the tooth and there is no further 
possibility of coupled motion or the pin-has disangaged from the inside 
of the tooth, In eithar case, freo motion results and controlds eventually 
shiftad to the subroutina FREE (location 200}. This is dona diractly if g 
<0. In the caso that g < 0, the main program must dacida whether the 
preceding computations have been made-for top or for botiom-action and 
whether the next contact will occur on top or on bottom, In-the sample 
mechanism, g = 0 when @ is approximately 146° for top action. and approx- 
imately 207° for bottom action, (‘Tha values of P for top and:boltom action 
are locatud in tho section on the example-mechanism). If @ < 150°, all 
possibility for top contact is ended and: @-must be incr emented- by tha 
tooth angle & (see figures 2 and 5), while f must be incremented by the 
angle (21 -A). For @ > 150°, top contact ls expectad at the-end of bottom 
action and @ must be decremented by the-angle 2 6 (seo figure 4, where 
the new top tooth no. 3 comes into antion). At the same time, the pallet 
angle y must be. decremented by (- 27+). These indexing operations 


have no effect on the- continuous computation of the cumulative escape-wheel 
angle PHITOT. 
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Free Motion (Location 200) Is 


After transferring the initial values for time, angles, and angular : | 
velocities from the main program, the subroutine FREE computes the sub- 

sequent positions and angular velocities of pallet and escape-wheel in free 

motion according to equations (E.2), (E.3), and (E.7) and (E.8), respec- 

tively, for time increments of 107® seconds. In addition to the above vari- 

ables, PHITOT is also continually computed and caused to be-printed out. 

The decision, whether or not to remain in this subroutine, is made with 

the help of the sensing variables, f (according to equation (D-7)) and g' 

(according to equation (D-11) and now called GP). 


If f > 0and g' <0, free motion is continued without indexing. If ‘ 
f > 0-and g'> 0, free motion is also continued, but since contact is no 
longer possible for the component pair for which the previous compututions ; 
were made, indexing takes place. This is accomplished in the same manner 

as described before. 


If f < 0, control is returned unconditionally to the main program. 
If it finds that g' > 0, indexing takes place and contro] is given back to 
the subroutine, FREE. When f< 0, contact is about to take place or has 
just occurred. The program must decide whether this contact just repre- 
sents:a close approach, which will be followed by further free motion, 
whether it represents an impending impact, or whether it is the beginning 
of coupled motion. To this end, the quantities V_ and V_ (see equations , 
(F.22) and (F.23)) are computed for the top and* bottom’ free-motion tests.‘ 
The first three cases of the top free motion test of the main program are 
illustrated in figure 7. With-both angular velocities (—p is PHI (2) and 
W is DPSI) positive, the following three-possibilities exist: 


1, If |V_| >IVvel , the contacting surfaces will separate 


again, free motion will result, and control must be transferred to subrou- 
tine FREE (location 200). 


2. If |v. |] EV al , the -escape-wheel will start-driving the 


pallet in coupled motion, and-control must be transferred to subroutine 
RKGS :(location 99-initiates RKGS) . 


Trrodanm ghn ann ns nt a 
Under the present circumstances, if p < 150°, only top contact can 


follow; if @ > 150°, bottom contact will-occur. 
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t 
3. If |v_| <|V,| , impact will occur. and control must 
be given to subroutine IMPACT {location 300). ‘ 


The remainder of the top free motion tests and the bottom free motion 
tests are constructed along similar lines for different combinations of 


angular velocity directions. 
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Figure 7, Top free motion test 
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impact (Location 300) A 


The subroutine IMPACT uses the current values of the angular 
valogiiies ?, and ¥, and computes the post impact angular velocities Pr 


and Ves applying equations (F.20) and (F.21). (Note that the tangential 
impact has been neglected and, therefore, E, =D, and F; =A,). ; 


After control is returned to the main program, it is decided whether 
free or coupled motion follows the impact. This is accomplished by con~ 
sidering the post-impact contact point velocities, V_ and Vs: in the impact 


tests, which-are similar to the free motion tests. 


If the contact velocities are vectorially equal to eaach-other or if the 
absolute value of the difference of their absolute magnitudes is less than 
2.0 in/sec (5.08 cm/sec), control is transferred to coupled motion. If ri 
these velocities are such that they indicate a subsequent separation, which = 
is more usual, computation-is transferred to free motion, 7 


The computation is terminated when-either t = .1 seconds or when | 
PHITOT > 315°. These conditions are related to the sample mechanism 
which runs-less than .1 seconds for 310° of escape-wheel! rotation. " | | 

| 


‘EXAMPLE MECHANISM 

The pin pallet escapement of the M525 fuze is used as the example 
mechanism. The following, first, gives the dimensions-of the basic escape- } 
ment (standard configuration). and then discussas cartain other data and 


computed values whith are-of importance-in the computer simulation. 


Dimensions-of the Mechanism 


The standard geometric configuration has the following dimensions: 


a = 1931 inches (mean-center distance) (.4905 cm) 

b .15838 inches (.40229 cm) 

c = .09683inches (.24595 cm) 
r = ,01365 inches (.03467 cm) 
a = 49° | 
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HP B = 60° (see figure-H~1 in appendix H) 
| > A = 109.3379 a 
& = 40° 

N = 9 (number of teeth of escape-wheel) 


lI = .91x 107 Ib-sec* -in. (moment-of inertia IPAL of pallet) 
P (1.03 x 107°N ~ sec? -m) 


I = .17x 10°? lb-sec?-in. (moment of inertia ISTAR of 
(1.92 x 10-® N - sec?- m) escape~wheel) 
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Gear Train Driving Escapement : 


The escapement of tha M525 fuze is driven by a.clock spring through (4 
a step-up gear train with a ratio of 45.98. The timing function of the fuze, . 
which involves a delay of between 2 to 4 saconds, is accomplished once 
i the spring driven input gear has rotated through 310°. This corresponds 
4 to a 45.98 times-greater escape-wheel rotation. Since-the-motion becomes 
iu stablilized after-‘one cycle of the pallet (corresponding to approximately 
q 40° of escape-wheel rotation), one-obtains an excellent idea of the total 
iH : time by computing the response time for 310° of escapement rotation and 
multiplying this-result by the aforementioned gear ratio (see the section : 
‘on results for standard configuration) . Me 


i Stanc'ard Torque-Used in the Simulation 


Measurements on actual fuzes showed that the initial torque on the 


2 
escape-wheels varied between .0177 (2.000 x 107° m-N) and .031 in-lb (3.503 
x 107*m-N). Since the angle of rotation of the input gear is smal], the de- | 


crease in torque during the rotation is also relatively. small. Therefore, a 


x constant torque was assumed in the simulation. Its standard value was. 
EY chosen to be .0177 in-]b (2.000 x 107° m-N). 


Other Dimensions Associated With Standard Configuration 


For purposes of control in the computer program the following other 
dimensions are-of interest. 


; The maximum absolute value-attainable for tha dimension g for the 
} given escapement is computed according to equation. (H~4) of appendix H: 


E BMAX = ~,05467 inches (-.1389 omy 
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Tha +, sociated values of the escape-wheel angla Py are obtained ' 
with the use of equation H~10. For top-action 


= ro) 
Pu 132.487 


Because of this value, initial-coupled motion is started at 135°. 
(See the section on the computer program.) For bottom action, this angle 
becomes: 


yy = 187.518° 


The corresponding values for the pallet_angles ,, are found through the 
use of equation (A.8) appendix A and:are computed with g = -.05467 and i 
a= 40°, For top action, 


= t) 
Vay = 39-492 


and for bottom.action, 
= te] 
Vu 320,396 
These values.serve as valuable checks-on. the computer output. 


The escape-wheel angles %. corresponding to g =O, i.e. the-position 


when the pallet pin Jeaves the tooth-in-coupled- motion, are obtained according 
to equation (H=-12). For top action, 


Pp, = 146.928° 


¥ecause.of this angle, decisions-concerning indexing, the free motion 
and impact tests are based on whether the angle » is smaller or larger than 
150°. (See the-section on the description of the computer program.) For - 
bottom action, this angle becomes 


o.= 206.512° 
The corresponding pallet angles are | 
Me = 60.138° for top action, and 


, = 299. 869° for bottom action, respectively. 
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Finally, it is important to know the center distance between pallet 
and ascape-wheel for which disengagement will occur. According to 
: aquation (G.14) 


a = .208 inchas (.528cm) 
dis 


RESULTS FOR STANDARD CONFIGURATION 


Appendix I shows computer output for the first, second and eighth 
cyclas of a run for the standard configuration with a coefficient of friction, 
y= .3, and a coefficient of rastitution, 5 = .25 (run no. 46). Table 1 sum- 
marizes the rasults of the first two and ona half cycles. In appendix I, a 
cycle is-dafinad as the interval betwaon first contacts on top. In tables 1 
and 3 the interval is between the last contacts on top.) As discussed earlier, 
top motion in the coupled mode initiates the program. In the subsequent 
first bottom action, the first impact is followed by free motion while the 
sacond impact leads to-coupled motion by virtue of the cut-off criterion. 
Starting with the second top contact, both top and-bottom action-consists 
of two impacts followed by free motion. The subsequent third impact pro- 
duces little rebound-of the pallet pin.and thus is tha beginning of coupled 
motion which lasts until the pallet pin leaves the tooth. 


The various impacts cause reversals in escape-wheel motion. In 
the actual mechanism, this backward rotation is limited by the-possibility 
of the pin making contact with the backface of the-next escape-wheel tooth, 
The program does not provide for the presence of this condition.and any 
contact of this type makes itself known only if during or after the first 
impact, the escape-whaal angle @ < 132.487° for top action or @-< 187. 518° 
for bottom action. If such a reversal of the escape-wheel takes place during 
coupled-motion, g will be less than -.05467 in, (-.1284 cm). (See the sec- 
tion on:other dimensions of the standard configuration for discussion of the 
above valuas.) 


Inspection of table 1 shows that this condition first occurs in cycle no. 3 
for top contact, i.e. @ = 132.480°. Table 2 gives the values of the-maximum- 
ravorsal angles for the first eight cycles. While these reversals-of the 
ascape- wheel angle never reach critical values for bottom action, they ex- 
ceed critical values a-number of times-for top action. (The geometry lends 
itsalf more for this condition with respact to top action.) 
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The fact that the absolute value of BMAX will be-exceeded in certain 


configurations will be accepted or more dissipative values for jt and & 

will have to be used’, The discussion in the section.on the influence of * 
parameter changes in the total fuze time will show that a slight increase of 
the center distance a decreases the absolute value of g at maximum reversal 
to well below BMAX’ This correlates with the results for j= .3 and 6 = 0 


given below, 


Table 1 shows that the stability of motion is essentially established 
during the first cycle. The time interval per cycle, now counted between 
the instants when the pallet pin leaves the top tooth, is shown to be .00774 
and .00773 seconds. Subsequent intervals (not shown here) are .00773, 
.00775, .00785, .00784, and .00773 seconds. The total time of the fuze 
may be obtained with the help of the time at PHITOT ~ 310°. Appendix I 
shows that t(310.362°) = .06058 seconds. Thus, the total fuze delay time 
becomes .06058 x 45.98 = 2.79 saconds. (See the section on the example 
mechanism.) This result is well within the fuze requirement of between 
2to 4-seconds. 


Appendix J gives portions of the computer output when the standard 
configuration was run with 6 = 0, while p= .3 was kept (run no. 70). 
Table-3 summarizes the evants-of the first 3} cycles and. table-4 lists the : 
maximum reversal values of the escape-wheel for eight: cycles. 


As expected, the fully inelastic coefficient of restitution causes the 
initial impacts to be followed :by coupled motion. Now, g < BMAX at all 


times. (Again, the reversals-are smaller for bottom action.) As in the 
first-program above, the motion stabilizes immediately with cycle intervals 
of .00725, .00730 and .00725 seconds. Subsequent intervals, not shown 
here, are 00726, .00729 and .00726 seconds. The total fuze delay time 

is computed with t(PHITOT = 310.600°) = .05699 seconds (see appendix J). 
This results in 2.62 seconds. 

"Since no high speed motion:pictures of the M525 are available, it is not 
known whether contact with:the backside of the escape-wheel tooth is 
ever made. 
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Table 1, Summary of events In the first 2} cycles -for standard configuratlon 


with pt 2 .3 and 6 = (25 (Program No. 46) 


*End of first cycle, start of second: cycle 
‘Time interval for first cycle 

‘End -of second cycle 

*Time interval for second cycle 


Escape- 
wheel 
angle o 
Type of action (deg) 
Top: start of coupled motion 135.000 
start of free motion (end of tooth) 146.491 
Bottom: impact followed by free motion 194,179 
maximum return motion (free) 
continued free mation. 192,911 
impact followed by coupled motion 
(cut-off criterion: Iv, - Vell <2). 193.366 
maximum return motion (coupled) 493,281 
Start of free motion (end of tooth) 206,848 
Top: impact followed by free motion 135,522 
maximum return motion (free) 
continued free motion 133.361 
impact followed by free:motion 133,435 
maximum return motion 133,214 
impact followed by coupled motion 
(cut-off criterion) 133,214 
maximum raturn motion. (coupled) 133.540 
start of free motion (end of tooth) 146.514 
Bottom: impact followed by frea- motion 193.802 
maximum return motion (free) 
continued free motion 192.321 
impact followed by free-motion 192.803 
maximum return: motion -(frea) 
continued free motion 192,749 
{mpact followed by coupled motion 
(cut-off criterion) 192,790 
start of free motion (end of tooth) 206.768 
Top: impact followed by free-motion 135.518 
maximum return motion -(free) 
continued free-motion- 132,297 
impact followed by free motion 133.394 
maximum return motion (free) 233.165 
impact followed by coupled motion 
(cut-off criterion) 139.165 
maximum return motion (coupled) 132,480 
start of frea motion (end: of- tooth) 146.496 
TStart of first cycle 


Time 
-(sec) 


0.00000 
0.00340! 
0.00382 


0,00802 


0.00815 
0.00425 
0.00645 
0.00688 
0.00714 


0.00720 
0.00724 


0.00724 
0.00753 
0201114? 


0701154 


0701176 
0.01189 


501193 
0501197 
001417 
0501460 
0.01487 


0.01493 
0.01497 


0.01497 
0.01526 
0701887 


Time 
Interval 
(sec) 


0.007743 


0,00773* 


Total ascape- 
wheel angle 
(deg) 


0.000 
11,491 


19,179 
17,911 


18.366 


18,281. 
31.844- 


40,522 


38,363. 
38,435 
38,214 


38,214 
37.540- 
51.514 


58,802 


57,922 
57.803 


57.749 


57.790 
71.768, 


80.519 


28.297 
78.394 
78,165 


78.265 
77.480- 
91.496 
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Top action 
Maximum 
reversal 
angle, . g (in.) 


(Py, = 132. 487°) Wy = -, 05467) (Py, = 187.5189 (Sy, 


132.540 


132.480. 


132.312 


132.305 


132.094 


131.593 


132.634 


TNot applicable. 


~.0547 
(-.1389 cm) 


~.0549 
(-.1394 cm) 


~.0555 


(-.1410 cm) 


~.0555 
(-.1410 cm) 


~-.0562 
(-.1427 cm) 


-.0580 
(-.1473 cm) 


~,0543 
(-.1379 cm) 


Occurs during free motion. 


Table 2. Maximum reversal angles and associated values of g for 
standard configuration with p = .3 and « = .25 
(Program No. 46) 


Bottom action 


Maximum 
rever sa! 
angie, 


192.910 
192.321 


192.303 


192.320 


192.485 


191.837 


192.078 


192,315 
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Table 4, Maximum reversal angles and associated values of g for 
standard configuration with p = .3 and e = 0 
(Program No. 70) 


Top action Bottom action 
Maximum Maximum ‘ 
reversal reversal 
angle, » g (in.) angle, g! (in.) 
Cycle No. (Px = 132.487°) (gy, = ~.05467) Ci = 187,518°) (oy =-, 05467) 
193.776 -.0401 
1 (-.1079 cm) 
2 133.957 -.0495 193.083 ~.0418 
(-.1257 cm) (-.1062 cm) 
3 133.504 ~.0512 193.698 - 0403 
(-.1300 cm) (-.1024 cm) 
4 134.171 -.0487 192.883 -.0423 
(-.1237 cm) (-.1074 cm) 
§ 133.466 -.0513 193.659 ~ 0404 
(-.1303 cm) (-.1026 cm) 
6 134,170 -.0487 192.883 ~ 0423 
(-.1257 cm) (-.1074 cm) 
7 133.466 ~.0513 193.659 -.0404 
(-.1303 cm) (-.1026 cm) 
8 134.170 ~.0487 192.884 -.0423 
(-.1237 cm) (-.1074 cm) 
20 . 
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INFLUENCE OF VARIOUS PARAMETER CHANGES ON THE TOTAL FUZE TIME 


The following reports on the results of numerous computer runs in 
which a single input or geometric parameter was varied in order to de- 
termine its influence on the total fuze time. In all cases, the individual 
changes were made with respect to the standard configuration in the sec- 
tion on the example mechanism, with p= .3 and e= .25. 


Influence of Escape-Wheel Torque 


Figure 8 shows the influence of the escape-wheel torque on the fuze 
time. One may compare these timing results with those obtained from the 
well-known empirical expression: 


If t; and T, represent fuze time and torque, respectively, as associated 
with-the standard configuration, one obtains from the above: 


1 


For T, = .75 T,, t, = 2.79 igo = 3.22 seconds 
For T, = 1.257; ty = 2.79 | 2x = 2.49-seconds 


The-results of the simulation (runs 47 and 48 of table of figure 8) show 
excellent agreement with.the above. The empirical relationship has been 
confirmed time and again-by experiment. 


Influence of Pallet Moment.of Inertia 


Figure 9 shows that the total fuze delay time increases with an in- 
crease of the pallet moment of inertia. The ratio of any two fuze periods 
is approximately proportional to the ratio of the square roots of the asso- 
ciated pallet inertias. These results are confirmed by the experiments of 
Anderson and Redmond. (ref. 7). 


Influence of Pallet Escape-Wheel Center Distance 
Figure 10 indicates, for the range explored, that the fuze time in- 


creases as the center distance a is increased. For a total increase of .007 
inches (.018 cm), the timc increase is approximately 7%. This result is 
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Standard ‘ 
configuration 


.01 02 .03 = at 
(1.13 x 10°) (2.26) (3.39) 
Torque, Ib-in. (m-N) . 


Torque Total Fuze Time 
(lb-in.) (sec. ) 


-0133 (75% of St.) 


(1.503 x 107? m-N) 
00177 (St.) 
(2.000 x 107° m-N) 


20221 (125% of St.) 
(2.497 x 107? m-N) 


' 
| 
| 
| 
| 
| 
: 
| 
| 


Figure 8. Influence of escape-wheel torque on fuze delay time 
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standard 
configuratijon 


1.5 
(.56 x 10-8) (1.13) (1.68) 
Pallet moment of inertia, 1b-sec’-in, (N-m-sec*) 


‘Moment of inertia Total fuze time 
of pallet 3 


(1b-sec°~in) | (sec.) 


668 x 107? | 

(7.68 x 107* N-m-sec?) |. 
691 x 107? 

: (std. conf.) | 

(1.027 x 10°* N-m-sec?) 


1,137 x 107? 
(1.283 x 107° N-m-sec*)| 


Figure 9. Influence of pallet moment of inertia on fuze delay time 
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Center distance "a", in. (cm)- 


Center-distance "a"! 


1901 
(.4829 cm) 
(.4854 cm)- 
1921 
(.4879 cm). 


01931 (std. 


(.4905 cm) 
194) 
(.4930 cm): 
21951 
(.4956 cm)- 
1961 
(.4981 cm): 
1971 
(.5006:cm) 


conf.) 
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Total-fuze-time 


(sec. ) 


Figure 10. Influence of pallet-escape-wheel center distance on fuze delay time 
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generally confirmed by the experimentation of Anderson and Redmond 
(ref. 7), where it is shown that an increase of time is effected as the center 
distance is increased from a dimension somewhat below nominal. 


Influence of Pallet Radius 


Figure 11 shows a continuous and quite dramatic decrease in fuze 
period as the pallet radius c is increased by .008 inches (.020 cm). It:is 
believed that this effect_is similar to that observed in connection with.a 
decrease in center distance a, i.e. an increase in pallet radius represents 
an effective decrease of center distance. The experimentation performed 
in reference 7 gives good correlation with this.result of the simulation. 


Influence of Coefficient of Friction 


Figure 12 indicates that the fuze time increases as the coefficient 
of friction, associated with coupled motion, is-increased. One would ex- 
pect that an increase of energy dissipation will. slow the mechanism. 


Influence of Coefficient of Restitution 


According to figure 13, the fuze time increases considerably-as:the 
coefficient of restitution is varied from completely inelastic to partially. 
elastic; i.e. from zero'to..5. When «= 0 (see-description of run no. 70° 
‘in the section on results-for standard configuration) , coupled motion-follows 
immediately after impact. In run no. 75 (which:is not reproduced in:this 
report), where c = .5, top action consists of four impacts, three of which 
are followed by free motion while the fourth is:followed by coupled motion. 
Bottom action shows two impacts with the last-one followed by coupled: 
‘motion. Each of the impacts is followed by considerable escape-wheel-re- 
versal. These multiple-impacts and associated-motion reversals seem-to 
account for the observed increase in fuze time. 


092 094 096 .098 100 
(234) (.239) -(.244) (.249) (.254 


Pallet_radius "c", in. (cm) 


Run no, Pallet:radius "c" Yotal fuze time: 
-(in,) (sec) 


+0928 
(.2359 cm): 
0938 
(.2983-cm)- 
20948 
(.2408-cm) 
20958 
_ (.2498-0m): 
0968 (atd. conf.) 
(,2459-cm): 
0978 
(.2489-cm). 
-0988 
(.2510 cm). 
0998 
(.2535-cm). 


1008 
(.2560 cm) 


‘Figure 11. Influence of:pallet-radius on fuze delay:time 


26 


Time 
(wen | | 
, me 
2.80 
| al 
nthe ae 7 stands 
Ea: | San, | 


620 25 3 235 


Coefficient of friction, p 


Coefficient of | Total fuze-time: 
friction, p (sec..). 
2920 
» 225 
| .30 (std. conf.) 
435 
Figure 12. Influence-of:coefficient of friction:of coupled motion on:fuze-delay time 
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Figure 13. Influence of:coefficient of restitution on fuze delay time 
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DISCUSSION AND RECOMMENDATIONS FOR CONTINUED WORK 


There is no doubt that the goal of a workable computer simulation j 
of the pin pallet runaway escapement has been attained. This is mainly | 
due to the fact that every effort was made to keep the program and its con- : 
trols-as simple as possible. - 


As a consequence of this, there is presently no built-in sensing 
mechanism that indicates whether the pallet pin makes-contact with the 
backside of an adjacent tooth-during free motion. While-this abnormality 
did-not-occur for the M525.mechanism, there is no assurance that it will 
never occur. 


Secondly, there is the unresolved problem of the somewhat excessive ' 
escape-wheel reversal for the:standard configuration unless fairly unrealistic ; 
values are used for the coefficients of friction and restitution. (Recall the dis- 
-cussion in the section on the-results for the standard configuration.) Table 5 
shows the extent to which this escape-wheel reversal depends on the center 
distance between the pallet and escape-wheel pivots. 


Clearly, the reversal increases with a decrease:in:center distance 
and-devreases as the center distance is enlarged. Note, that for a = .1941 
inches (.4930 cm), which is. .001 in (.0025 cm) above:nominal, | g| <| Euan ; 


Note:further, that the disengagement center distance of .208 inches (.528 cm) 
(see-end.of the section on the-example mechanism) is: amueh larger than the 
values which have been explored-in table 5. 


Excessive escape-wheel reversal may be indicative of the fact that 
the-simple impact formulation:is not sufficiently descriptive, as shown by 
Anderson and Redmond (ref. 7): or that the escapement-only operates in 
the-expected manner when.the-center distance is somewhat enlarged from 
nominal. 


To resolve this problem, -high speed motion pictures must be taken 
inzorder to be able to observe:the actual motion. Following this, certain 
modifications of the impact model may have to be made. 


Even if the question:of the motion reversal cannot-be:fully resolved, 
the:present simulation is sufficiently descriptive to-undertake the following 
extensions: 


Se SSS a ee Ser, eta Tad = ad - =: 
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1. Adaptation of the pin pallet runaway escapement 
simulation to a centrifugally driven mechanism, such-as the M577 safe 


‘separation device (SSD) .° 3 


2. Adaptation of the pin pallet simulation to a spring- 
driven timing mechanism. 


3. Modification of the present model to accommcdate the 
simulation of a plate pallet (verge) type runaway escapement. 


*Successful simulations, incorporating the present escapement model, 
of both the M577 SSD and the M125A1 booster have been recently 
completed. The results will be given in a future report. 
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Table 5. Escape-wheel reversal as a function of center distance a l 
Value of g at | 

maximum reversal 
Center distance, a* during top action ‘Program num yer ea 
(in..): {in.) i 
.1901 -.0662 55 
(.4829- cm)- (-.1681 cm) i 
1911 -.0635 54 7 
(.4854 cm)- (-.1613 cm) 
1921 -.0600 53 
(.4879 cm) (-.1524 cm) 
.1931 (std. conf.) ~ 0580 46 i. 
(.4905 .cm}. (-.1473 cm) i 
.1941 - 0536 49 . 
(.4930--cm). (-.1361 cm): ; 
.1951 ~.0520 50 ty 
(.4956: cm) (-.1321 cm) E 
.1961 ~.0471 81 7: 
(..4981 :cm): (-.1196 cm)- | 
19710 ~.0441 52 | 
(.5006:cm): (-.1120 cm) | 


*Dimension -a- is variable, otherwise dimensions:‘are standard config- 
uration with: = .3, © = .25 and Euax = ~.05467 in. (-.13886 cm). 
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KINEMATICS OF COUPLED MOTION 


APPENDIX A | 
J 
| 
| 
Figure Al shows the kinematic relationship. of the escape-wheel-and | 
the pallet during coupled motion. | 
| 


UNIT VECTORS 


The unit vectors Nt and Dy are along and perpendicular to the con-~ 
tact surface of the escape-wheel tooth in the indicated directions, respec- 
tively. Thus, 


ny, = cos (@ - a) i+sin (~ - a) j (Al) 
i. 
n =- sin (@ --a) i+ cos (p - a) 7 (A2) 


In addition, the unit vectors ns for the escape-wheel, and no for 
the line-connecting the pallet-pivot and the center-of the pallet pin, are 


introduced: | 
—- =cosgi+sin ej (A3) | : 
ny . ie 
n. = cos wi +sin-yj (A4) 


INPUT --OUTPUT RELATIONSHIP 


The mechanism loop-equation is used to-determine the pallet angle 
\ and:the pallet pin locution-g with respect to the tip of the escape-wheel 
as functions of the escape-wheel angle ~ and the:applicable mechanism 
constants, i.e. 
O = b(cos @ i + sin-@ j) + g[cos(@ --a)i+ sin(@ -a)j ] 
+r{- sin(@ - ai + cos(@ - a) 5 - c(cos i + sin Wj): 


tai (A5) 


The-above is rewritten in component form: 


bcos p + g-cos(@ - a) - r sin(p - a) -ccosy+a=O 
(A6) 
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b sin» +g sin(@-a) tr cos(p-a)-csiny=Q = (A7) 
The-angle ty is obtained from (A7): 


sin = [b sin » +g sin(p-a) +r cos(@~a)] (A8). 


and 
cos =4 ‘ ~[b sing +g sin(@-a) +r-cos(@-a)] 
(A9) 


Substitution of equation (A9) into equation (A6) and subsequent squaring 
of both sides of the resulting expression leads to: 
[b cos + g cos(@-a) - r sin(~-a) +a]? 
=c? - [b-sin p +g sin(p-a)+r cos(m-a)]? (A10)- 
Rearrangement gives: 
g’? +g(2b cos a + 2a.cos(¢ - a)] 
+ [a? +b? +r? - co? + 2br sin a + 2ab cos - 2ar sin(@-a)} ‘ 
=O (A11) 


Finally, solution of equation (A11) leads to: 


ge ; — (A12) 
where- 
‘H = 2[b cos a +a cos(@ ~- a)] (A13) 


Ks a? +b? +r? -c? + 2br sin a + 2ab cos-p=2ar sin(@ -a) 


(A14) 


The-correct value of g, as.obtained from equation (A12), must have the 
smaller absolute magnitude. 
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OUTPUT VELOCITIES 


Implicit differentiation of equation (A11) furnishes the velocity g 
of the instantaneous contact point on the pallet with respect to the coinci- 
dent point on the escape-wheel during coupled motion: 


=a= ~ (A15) 
where 

P = bsin » + gsin(@ - a) + rcos(@ - a) (A16) 

S = g + bcos a + acos(@ - a) (A17) 


Differentiation of equation (A8) leads to the pallet angular velocity during 
coupled motion: 


- _ Qpt gsin(¢ - a) 
v= (c)cos ¥- (A18) 


where 
Q= bcos ~ + gcos(p --a) - rsin(@ - a) (A19) 


OUTPUT ACCELERATIONS 


Differentiation of equation: (A15) results in an expression for the 
relative acceleration of the-contact-point-on the pallet with respect to that 
on the escape-wheel: 


(A20) 


g = 


Further, differentiation of equation: (A18): furnishes an expression for the 
angular acceleration of the pallet during coupled motion: 


Y= GQ~ p'P +26 cos(p - a) +~ sin(@ - a) 


-€cos 


+? tany- (A21) 


37 


APPENDIX B 


DIFFERENTIAL EQUATION OF COUPLED MOTION 


Figure B-1 shows free body diagrams.of the pallet and escape-wheel, 
as they ure found during coupled motion. The torque T acts on the escape- z 
wheel. The forces between the escape~-wheel.and the pallet are represented 
by the normal forces 2P in the direction of a and the friction forces + (uP ) 
in the direction of n,. The sign of the friction forces must be such that sitien 
the contact point K on the pallet pin moves in the direction of the positive 
velocity g¢ with respect-to the coincident point L.on the escape-wheel, the 
friction force on the pallet pin must act in the negative direction of g. (Note 


that g, as given by equation — in appendix A, has the same direction 
as the relative velocity V, K i”? 


neat eRe TT ss caicnemnanecnieneca ant aneia boriial-nes ntensinnemmeeneanll ce 


The frictional resistance at the pivots O| and O_ is neglected, since 
the pivot radii are commonly held very small ‘causing the friction moments 
to: become insignificant. 


The differential equations of rotation will first be written separately 
for the pallet and the escape-wheel. Since-the-output angle is a function 


ee 
ofthe input angle @ throughout coupled motion, both expressions may be : 
combined by way of the common force magnitudes 


Equation of Motion for the:Pallet 


xP on + x Cur, Bon = 1k (B1). 


we 


‘Equation of Motion for the:-Escape-Wheel 


A, x (-P)n + Box (uP En + T= Lok (B2) 


The-moment arms A, , B, ‘G, and D, are given by equations (C6), (C7)., | 
(C4):, and (C5), respectively. I_ and I, represent the moments of inertia | 
of the pallet and the éscape-wheel with respect! to their pivots. 
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Appropriate vector: operations on equations. (B1) and (B2) furnish: 
the-following scalar expressions: 


" 
{ 
5 
{ 
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P (D, -C e =1y (B3) 
n! t i id ) p 
-and -P (A; +B, uf) +T=H1@ (B4) 
n ld s : 


When the above expressions are equated in terms of P one obtains: 


1 (Ay + pB,&) 
sessile! |: a Vil@or 


(B5) 
(D, ~ BC, ET ) 


The angular acceleration { is now expressed in terms of @ and @ 
with the help of equation (A21) of appendix A. Equations (A15), (A18), 
and (A20) are utilized to replace g , f and g , respectively. After con- 
siderable simplification, one obtains the following-expression for Wi : 


=Uo 32 
ee (BB) 
where 
Qt = sin (@ --a) 
ca (c)cosy at 
and 


wens ae” 2atP 
= coos @ E -cos(@ - a) ear sin’ (@ - a). 


2p? e 
+ “3 sin (@ --a).- a 33 sin (@.- a] 


t : P 3 
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Equation (B6) is now substituted into equation (B5). This results in: 
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=T 


(B9) 


For computational purposes, equation (B9) is rewritten inthe following 


form: 
@ + Woe! =Y (B10) 
where LV 
= 
= By 
Wer I (Bit) 
2 2 
Ey F, 
Zr 
Fy 
Y=——- (B12) 
IU: I 
: aes 
Ey Fy 
and 
(B14) 
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APPENDIX C 
MOMENT ARMS t 
= = : ite 

DETERMINATION-OF MOMENT ARMS C, AND D; 4 


Figure C-1 suggests the-following loop equation for the determina- 
tion of the vectors ( and J: 


_ — — -_- 4 
x = =O | : 
cn, - rn, D, nit Cy nr, (C1) 
When the components in the n, and n directions are separated, one i 
obtains: 
i 
-ccosy + rsin(@ - a) + D,cos(p - a) - Cysin(@- a) =O (C2) (| 
and t 
csiny ~ rcos(@ - a) + D, sin(@ - a) + C,cos(~ --a) = O (C3) 


Simultaneous solution of the above-expressions leads-to-the following 
vectorial: expressions: 


G=- [r + csin(p =a -y)]n, (C4) : \ 
and 
D, = ccos(@ --a - v)n, (C5) 
DETERMINATION: OF MOMENT ARMS A, AND:B, | : 
Inspection of figure C-1 leads to the following-expressions for the | 
vectors.A, and B: 2 
A, = (bcosa + g)n, (C6) | ’ 
(Note that-g is negative during contact.) | ‘ 
Further ,. 
B= (bsina)n (C7) | 
i 
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APPENDIX D 
CONTACT SENSING EXPRESSIONS 


\ 
t 
When the mechanism is in free-motion, i.e. @ and are independent ‘ 

of each.other, it is necessary to know the distances f and g', in figure D-1, 
to determine the relative positions. The quantity f, which indicates the ; 
distance of the pallet pin from the escape-wheel face, vanishes-at-the in- | 
stant of impending impact. When contact between the pallet and the escape- 
wheel becomes impossible, i.e. the pin has left the tooth, g'> 0. 


By inspection of figure D-1, the loop equation for free-motion is is 
given by: 


t 
bn, + g'n, +(r¢ fn, --ch, +ai =O (D1) 


(Note that-¢ and ¥ are independent variables and are assumed:to-be 
known.): 


In component form, the above becomes: 


bcos@ + g'cos(@ - a) - rsin(@:-:a) - fsin(@ - a) - ccosy +ae0 
(D2) 
bsing + g'sin(@ - a) + rcos(@ = a) + fcos(@ - a) - csiny =O: 
(D3) 
Multiply equation (D2) by sin(@ ~ a). 
beosgsin(@ ~ a) + g'sin(@ = a)cos(@ - a) - rsin? (@ ~ a): 
-fsin*® (@ ~ a) - ccosWsin(@-- a) + asin(@ - a) + asin (@:~ a). 


=O (D4) 


44 


ners 


i 
i 
} 
} 
4 
{ 
i 
‘ 


ae aa ae ae 9 ee RP Ee 
~ ee ene ate Pine ae oem a 


i ll ae andi 1 } Yee # PO * a es 4 - ' . woe - Weer 

A ree PRET CRT oy mene eter * a tneminiinie nds bere ee eee ate sae tanner mao, 

ait : 7 : —_ : _ Treen parecnhnpent nnn PR Sno ib Rif te fe nad! OE kn TILE CaS EA i 
i 7 Mo . . 


AAR a i om nN aN 


saqyuenb Bursuas yeU0D. -1q.a4nbyy 


fin es ais a Sa tee ln ge 


(4)x 24 
eae tree ae 
j oe. 
4 oi 
I a 
3 
1 : 
; | 


TST RS SERIE RRS ES RE A RE TNE IE EEE NE OY a Pee a RS BS SSE OIE 


i Fe ee ee ee ee ee cai ae aa a 8 | 
Rae Nees ~ mained a = sai ging nt aoa ° Sexson ee a spacing 7k: <abmtinien Ma einige gasp et fis a San ie eign meee 
Further, multiply equation (D3) by cos(@ - a) | 
bsingcos (~ --a) + g'sin(@ -.a)cos(@ - a) +rcos? (¢~ - «) 
+ fcos? (@ - a) - csinycos (@ - a) (D5). [ 
. 
=O 


Subtract-equation. (D4) from equation (D5) 
bsin{~ - (p -a))} +r+f+csin[(g - a) -y] - asin(@ - a) 
=O (D6) 
This furnishes | ; 
f= asin(@ - a) - bsina-- csin[(g - a) -y]-r (D7) 


Multiply (D2) by. cos(@. ~ a). 


beosecos( --a): +-g'cos?(~ --a) = rsin( --a)cos(@ --a): 


- fsin(@---a).cos(@---a) - ccosycos (gp: ~-a) 


+:acos (@ - a): : 


ape 


Multiply (D3) by sin(¢- --«)- 
bsingsin (@ -:a). +: g'sin? (pm =a) +rsin(@ --a)cos (@: --a): 


+ fsin (@ --a)cos(@---a) - csinysin(@ --a) 


“om te, 


' 
: 
; 
i. 
beta es ( 
=-0- (D9) | 
Finally, add (D8) and-(D9) | 
i 
beos[p. - (@ - a).] +g! --ccos[y = (p -.a)-] +-acos(@ --2} ; I 
=0: (D10) ( 
Thus I 
-g' =ccos[(@-~-a)- - ¥] ~-bcosa --acos(@ - a) (D112) ee 
A 
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APPENDIX E 
FREE MOTION EQUATIONS 


During tho free motion-phase of the mechanism, the pallet moves 
indopendently of the ascupe-wheel,. 


Again, the frictional resistance at the pivots % and Q. are noglectad, 
FREE MOTION OF PALLET 


In the absonce of all external torques, the difforantial equation of 
motion for the pallot is given by: 


y 20 (BA) 


With an initial angular velocity My at the tle ty when the free 
motion-starts, the angular velocity of the pallet at any time Is: 


Ye Ky (82) 


ify (t,) = Vo! furthor Integration gives the angular displacement of 
the-pallat at any tle t to be: 


WE M(t Gd Ay, (8a) 


The-tine tis counted from the start of the motion of the escapament, 
FREE MOTION-OF THE ESCAPE-WHEEL 


When a constant torque T-acts-on the ascapo-whook, its-differontial 
equation of motion is givon by: 


@ae 034) 
8 


and the applicable initiel conditlons are: 


q (t.) 8 4, (85) 
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Plt) = 4, (E6) 


Integration-of equation (E4) gives the following expression for the 
angular velocity of the escape-wheel at any time t: 


7 —_— LT -— i 4 
Pep ety +e, (E7) 
s 
Further integration furnishes the angular displacement: 


ee ee ee eee ee 
ee aT (t t) +g, ft Pe ae (E8) 
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APPENDIX F 
IMPACT EQUATIONS 


Before the impact equations can be given, certain velocity expres- 
sions associated with the impact points on-:the pallet and the escape-wheel a 
must be derived. These velocities occur during free motion preceding im- ‘ 
pact when the angular velocities @ and — are independent of each other. 


VELOCITIES -AT IMPACT POINTS JUST BEFORE IMPACT 


Figure F1 shows the velocities of the contact points K and L on the 
pallet and the escape-wheel, respectively, just- before impact. The com- 
ponents in the direction normal to the escape-wheel tooth are: 


Vpn, = Wek xD, n for the pallet (F1) 
and ~ = _ 
vx = gk x Ay n for the escape-wheel, (F2) 


i 


where the subscript i-stands-for the angular velocities prior to the instant 
of impact. 


The components of velocity in the tangential direction are given by: 
Vt, “We My ABS) 


and a 
Vi, =¢,kx Byn {F4) 


The expressions for the moment arms are obtained from appendix C, 


To determine the direction of the tangential impact, the-sign of the 
relative:tangential velocity Vv, must-be known. This velocity is given by 


(refer to equations (F3) and: (F4)): 


Vt ~ “pt, : Vst, : ¥; hie *h ss art An (F5) 
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Substituting aquations (C4) and (C7) into equation (F5) produces: 


= (W[r + csin(@ - a - y)) + @bsina) n (FG) 


IMPACTS ON PALLET AND ESCAPE-WHEEL 


The impact simulation is based on the classical angular impulse- 
momentum model shown in figure F-2 for the pallet and the escape-wheel. 


P represents the normal impulse between the components. Further, 
a frictional impulse pP , Which is tangential to the contact surface and 


has the direction of the velocity v, (see equation (F6)), is assumed be- 
cause of the angular divpladenente during impact. 


The angular impulse o on the escape-wheel, which is due to the 


torque T and has the duration t of the impact:phenomenon, is disregarded 
since it is felt that its-magnitude is small when compared to that ofthe other 
terms involved. The angular impulse cn-the:pallet then becomes: 


Vv a 


J =D, xP n +O x-pP on 27: 
J =D, x Fs n+ C, x Hal ny {F7) 


After the cross product has been executed, the following equation is 
obtained: 
=- vy — 
J =P (Dy, - pC, —,)k (F8 
p es ae a vl (F8) 


Similarly, the angular impulse on the escape-wheel reduces to: 


Vv. 


t 


ve = A; X (-P) no, +B, x pP 


This becomes 


Vv 
~ me ; ia —_ = 
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Equations (F8) and (F10) are now substituted:into the following angular 
. momentum equations: 


ie Wp = 5, (F11) 


and 
1o(p, = 9,5) = J, (F12) 


The subscript f indicates the angular velocities after impact. Substitution 
of the scalar portions of equations (F8) and (F10) into equations (F11) 
and (F12), respectively, as well as the subsequent simultaneous elimina- 
tion of Po from both of the resulting expressions, leads to: 


TF als + TEs 5 aa Y, + TE Pi (F13) 
where Vv 
t 
By = Dy ~ pCa (F14) 
t 
and 
Vy 
Fy, = A; + pB, vi (F15) 
te 


To solve:for the angular-velocities after:impact, it is now necessary 
to make use. ofthe concept of the coefficient-of-restitution. This-coefficient 
is adapted to‘the-present situation in the following manner: 


Von ~ Ven. 
pn, sn 


Using equations (F1) and (F2): and letting 


V. 
Pp 


n= Vp kX Dyn, for the pallet (F17) 
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Vi =@, kx Ayn, for the escape-wheel (F18) 
‘SNy f t 


where ¢, and, are the respective angular velocities of the pallet and 
the escape-wheel after impact, produces 


(WD, — Gr) 
(Dy is P Ar) 


TT 


b= 


Simultaneous solution of equations (F13): and (F19) furnishes the desired. 
angular velocities after impact. 


rer cal saa act aS Seg, Ae eek 2 eee Slee hs ine 


Thus, 
PAi - €(9,D, - P Ai): 
Ver “s (F20) 
and I Fee 
Fav + TEs; f= ($,D, = Ar) 7 
$;° —TEE way 
D Sane ‘ 
D, F TEs: 


GENERAL:EXPRESSIONS FOR THE :NORMAL VELOCITIES AT 
THE IMPACT. -POINTS 


The:normal velocities at the impact-points of the pallet and-the: 
escape-wheel:are also used in the logic-of the computer program. If @ 
and ~f represent the angular velocities-of ‘the escape-wheel and the:pallet 
just before-or after impact, expressions-are-derived for these velocities 
using (F1).,. (F2), (C5), and (C6): 


aint eta rau americana “1% aeaimag Ss oaks aig a ~ighet ies Dasa odas 
uney er era . ae io 2 ‘ 


For the pallet 


v, = co cos (@ -:a --y) (F22). 


“ptt ei nen tienes in 


For the escape wheel 


Sethe key Seas ion 
“TT 


Vie ¢ (bcosa + g) (F23): 


{Note the simplification of the notation.) 2 
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COMPUTER PROGRAM 
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APPENDIX:H 
SOME GEOMETRIC-RELATIONSHIP 
DETERMINATION:OF g,, 4. 


Figure H-1 shows the geometrical-relationship between the pallet pin of 
radius r and the right hand escape-wheel‘tooth when the quantity g (equation 
(A12) in appendix A) reaches its:maximum:possible absolute value. The 
following relationship holds between the-angles a and B: 


7 § (H1) 
= 6 ; 
where 
_ 360 
= N (H2) 


and N stands for the number of teeth-on-the escape-wheel. 


The distance ST of the triangle OST is determined with the help of 
the sine law: 


== _, sin(8/2) 
ST = b Sin(n-B) on 


where b represents the escape-wheel-radius. 


Finally, Saax is obtained from: 
= 8ST - —— (H4) 
‘To use g AX in connection with:-expressions-derived in appendix A, it 


must be furnished with a minus:sign:to:conform:to the origin of the 


n, ~ n,, system. 
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Figure:H1. 
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DETERMINATION OF ESCAPE-WHEEL ANGLE Pu CORRESPONDING TO g = SMAX : 
| 
The-angle @ = Pu! which corresponds to the maximum possible ; 
value of g = BM ax! is obtained with the help of equation: (A11) of appendix A: | 
i: 
2 5 j 
g’ +g [2bcosa + 2acos(g,, - a)] 
MAX MAX M i 
+ {a? + b? + r? - c? + 2brsina + 2abcos Py > 2arsin(,, a)] 
; (5) 7 
After the-expansion of the trigonometric terms cos (Pax ~ a) and sin (Pry - a), f 
the following expression results: : 
Lsing,, + Mcose,, +N =O (H6) 
?M mM . 
where: 4 
L 2a (Ey, axsin a= rcosa) ; | 
M= 2a (Sur Axcosa +b + rsina) | 
= 2 2 4:52 +? - g? --Ct i ; i. 
N BMAX +a’ +:b* +-r° - o* + 2b (Baga x0°S +rsina) i : 
Equation: (H5) may now be rewritten with the help of the:following trigono- 
metric identities: 
atan ¢M) | 
sin = ee (H7) 
ol | 
1 + tan cp ; i 
® \ 
1 ~ tan? (2) 
‘cos =e ——— H8 3 
mu — (H8) | 
1 + tan? (-—). if 
2 i 
i-f 
i 
ih 
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This leads to: 


9 9 
(N - M)tan? (MY. + entan AY) + a en) =0 
2? 2 


0 NO -  O  emi  ne A Sane neler Mum ie rae 


-(H9). 


This expression may now be solved for the angle Pu using the-solution 


for a quadratic equation. Accordingly, 


eee | st + JLT — NT + MM? 
ou OR N-M 


The two solutions correspond to top and bottom action. 


(H10) 


DETERMINATION OF ESCAPE-WHEEL ANGLE @~ CORRESPONDING TO g = O 


The-angle-p-=-p. ,. which is associated with the instant when. the 
pallet pin leaves:the-escape-wheel tooth during coupled motion, is obtained 


from equation (A11) with-g =O. 
An expression:similar to equation (H6) results: 
Eee gers : Ni = 
where 
L, =~ 2arcos a- 
M= 2a(b-+:rsin a) 


N, =a" +:b? +r? - ¢? + 2brsina 


(R11) 


Equation (H11).is-solved:in the same manner as equation (H6). 


This results in: 


Again, top and-hottom:-action-results.are provided. 


~ we er ee ea a Toe ee eee Le 
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DISENGAGEMENT DISTANCE BETWEEN PALLET AND ESCAPE-WHEEL PIVOTS 


Figure H-2 shows the disengagement configuration of the symmetrical 


pin pallet runaway escapement. The pallet angle y equals = when both 
pallet:pins together are least advanced with respect to-the-escape-wheel. : 
My The center distance a is such that-the escape-wheel radius-b-and the pallet 
i pin radius r are collinear. 
ut 
i The-disengagement center distance a dis is determined. with the help 
1 of the-cosine law: 
(b+r)?=a2, +¢% -2a,. (c)cos ee (H13) 
H dis ~-dis 2 
i From the solution of the quadratic-equation, one finds: 
a,._ = (c)eos (+): + /t1e)cos (Ayy? - fo? - (b+ 1)?) 
“dis 2 acy 2 Toe, 
(H14) 
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